The sexually dimorphic organization in perinatal rat brain is influenced by steroid hormones. Exposure to high levels of estrogen or endocrine-disrupting compounds during perinatal period may perturb this process, resulting in compromised reproductive physiology and behavior as observed in adult In our recent observation neonatal exposure of the female rats to estradiol-17β resulted in down-regulation of TNF-α, up-regulation of COX-2 and increase in SDN-POA size in pre-optic area in the adulthood. It is known that the control of reproductive performance in female involves a complex interplay of the hypothalamus, pituitary, and ovary. The present study was undertaken to understand the possible molecular mechanism involved in changes observed in the ovarian morphology and expression of selected genes in the ovary. Administration of estradiol-17β (100 μg) on day 2 and 3 after birth revealed up-regulation of ER-α, ER-β, COX-2 and down-regulation of TNF-α expression. Also the decrease in the ovarian weight, altered ovarian morphology and changes in the 2D protein profiles were also seen. This is apparently the first report documenting that neonatal estradiol exposure modulates TNF-α and COX-2 expression in the ovary as seen during adult stage. Our results permit us to suggest that cues originating from the modified brain structure due to neonatal exposure of estradiol-17β remodel the ovary at the molecular level in such a way that there is a disharmony in the reproductive function during adulthood and these changes are perennial and can lead to infertility and changes of reproductive behavior.
Introduction
In rodents, the sexual differentiation of the brain occurs during critical period (first 2 weeks after birth) [1] . The organization of brain sex differences during this critical period is important for adult reproductive function [1, 2] . Studies have shown that administration of estradiol-17β or compounds with estrogenic activity to newborn rats during critical period results in irreversible masculinization as well as defeminization in the brain resulting in abnormal sexual behavior as adults [1, [3] [4] [5] [6] . Recently we observed that neonatal exposure to estradiol-17β in the female rat resulted in up-regulation of COX-2 and increased size of SDN-POA compared to control during adulthood [7] . Our data supported the fact that estradiol-17β plays critical role in the defeminization and masculinzation of the rat brain. It is imperative to study the contributing factors to monitor the expression of selected genes associated with synaptogenesis, an important process committed to the structural changes in the brain, in order to understand the long-term ramifications on the ovarian dysfunction [8, 9] . Our recent study showed that neonatal estradiol exposure modulate synaptogenesis related genes such as TNF-α and COX-2 in female rat POA during adulthood [7] . It is important to note that these genes are not only involved in synaptogenesis and sex difference, but also shown to have a role in oocyte maturation and ovulation. Considering the fact that the final target is the ovary for the hormonal action in terms of anatomic integrity as well as sexual receptivity, it was of interest to examine the changes in the ovary following neonatal administration of estradiol-17β. In the present work, we monitored the effect of neonatal administration of estradiol-17β to new born female rats on day 2 and 3 after birth as assessed on postnatal day 120 on ovarian histology and expression of selected genes and proteomic profile.
Methods

Animals and treatment
Pups born to timed pregnant Wistar rats were housed at the Central Animal Facility, Indian Institute of Science, Bangalore, India, under light: dark (12/12 h) cycle at 24 °C, 50% average relative humidity and access to food and water ad libitum. Animals were maintained in accordance with the guidelines issued by Institutional Animal Ethics Committee (IAEC), Indian Institute of Science and the procedures employed in the study have been approved by the IAEC. New born female rats were administered 100 μg of estradiol-17β (E2; Sigma, St. Louis, MO, USA, Cat No.E8875, dissolved in 0.05 mL of sesame oil) by subcutaneous route after birth on day 2 (first injection) and day 3 (second injection) with 24 h interval and control littermates were administered 0.05 mL of sesame oil [7] . The rats were allowed to grow normally and were sacrificed on day 120 during metestrus period by using excess CO 2 in a euthanasia chamber and ovaries were dissected, weighed and stored at −80 °C until further use.
Semi-quantitative reverse transcription polymerase chain reaction (RT-PCR)
Total RNA from the ovary was extracted using TRI reagent (Sigma Chemicals Co, MO, USA) according to manufacturer's instructions. The integrity of the RNA was checked on 1% MOPS-HCHO agarose gel and the quantity of RNA was estimated spectrophotometrically. Reverse transcription of RNA and subsequent PCR were performed as described earlier [10] . The list of highly specific forward and reverse primers is given in Table 1 . Gel electrophoresis was carried out by taking 30 μL of the PCR product on a 1.5% agarose gel containing 0.5 μg/mL of Ethidium bromide, in 1X TBE buffer containing 45 mM Tris-borate and 0.5 mM EDTA. The difference in the intensities of the products following electrophoresis was analyzed using the Kodak Table 1 : List of primers used in the study. Electrophoresis and Gel Documentation Analysis System (EDAS-120) (Eastman Kodak Co., New York, USA). The expression levels of specific transcripts were inferred upon normalizing their signal intensities to that of glyceraldehyde 3-phosphate-dehydrogenase (GAPDH), which served as an internal control in this semi-quantitative analysis.
Western blot analysis
Protein lysates were prepared from control and E2 treated ovarian samples by homogenization of the tissues in a hand held Teflon-glass homogenizer using RIPA buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton-X 100 and protease inhibitor cocktail from Roche Diagnostics GmbH, Mannheim, Germany). The homogenate was centrifuged at 2500 g at 4 °C for 10 min and the total protein in the supernatant was estimated spectrophotometrically by Lowry's method [11] . From each group, 40 μg of protein was electrophorsed on 10% sodium dodecyl sulfate polyacrylamide gel and Western blotting was carried out as described [10] . 
Two-dimensional gel electrophoresis (2DE) and image analysis
Equal quantity of protein (250 μg) from control and treated ovaries were subjected to two dimensional electrophoresis as described [12] . The acetone precipitated protein was re-suspended in 250 μL of sample rehydration buffer (7 M Urea, 4% CHAPS, IPG buffer (Catalogue No.17600088, GE Healthcare, Piscataway, NJ, USA). Immobiline pH gradient (IPG) gel strips -13 cm (Catalogue No.17600088, GE Healthcare, Piscataway, NJ, USA) were rehydrated overnight in 250 μL of rehydration buffer containing protein sample. Isoelectric focusing (IEF) was carried out in Ettan IPGPhor 3 (GE Healthcare, Piscataway, NJ, USA) at 500 V (Step and Hold) for 1 h, at 1000 V (Gradient) for 1 h, at 8000 V (Gradient) and at 8000 V (Step and Hold) for 2 h and 20 min, respectively. After first dimension, the gel strips were equilibrated for 15 min in SDS equilibration buffer (6 M urea, 50 mM Tris (pH 8.8), 30% v/v glycerol, 2% w/v SDS, 2% w/v DTT). Second dimension electrophoresis was performed using 10% sodium dodecyl sulfate polyacrylamide gel. Gels were stained with coomassie blue R-250 and stained gels were scanned by HP ScanJet G3110 scanner and images were analyzed by Dymension 2D gel image analysis software (Syngene, Cambridge, UK). The data of the body and the ovarian weights from five animals per group are expressed as mean±SEM (*p < 0.05). There was no significant change in the body weight (A). Compared to controls, rats that were neonatally exposed to estradiol-17β had very small ovaries (B) with no clear signs of active oogenesis or ovulation (C). This was characterized by absence of corpus luteum, presence of cystic follicles with thickened thecal layer and atretic granulosa cells and abundant stroma.
Spot intensity was quantified by the total spot volume normalization which involved triplicates for each group. The volume of protein spots with a change > 1.5 (p ≤ 0.05) was considered to be significant.
Statistical analysis
Data in each experiment are presented as mean±SEM (n = 5 per group). Differences between groups were analyzed by the two-tailed Student's t-test and p-values < 0.05 were considered statistically significant.
Results
Morphology of the ovary
Administration of estradiol-17β to neonatal rats resulted in significant decrease in ovarian weight with no significant change in the overall body weight ( Figure 1A and B).
Ovarian morphology was distinctly different across treatment groups. Female rats neonatally exposed to estradiol-17β had very smaller size ovary with no clear signs of active oogenesis or ovulation. Ovaries of neonatally exposed to E2 had numerous large antral-like follicles and degenerating oocytes. Microscopic examination of ovarian sections revealed that while the ovary of the control group had several follicles and corpora lutea the ovary from the treated group is small in size and no corpora lutea were seen ( Figure 1C ).
Analysis of mRNA levels of selected genes by RT-PCR
It can be seen from the results presented in Figure 2 that there was a significant increase in the expression of ERα, ERβ, COX2 and a significant decrease in the expression of TNF-α mRNA levels in the ovaries of E2 treated rats as observed on postnatal day 120 as assessed by RT-PCR. It can also be seen from the results presented in Figure 3 that there was a significant increase in the expression of ER-α, ER-β, COX-2 and a significant decrease in the expression of TNF-α protein levels as assessed by Western blot.
Proteomic analysis by two dimensional electrophoresis
Two-dimensional electrophoresis (2DE) was carried out as described in the methods section to identify differentially expressed proteins in control and neonatally estradiol-17β administered ovary samples. A representative gel image has been given in Figure 4A . Analysis of gel images by Dymension 2D gel image analysis software revealed approximately 270 protein spots in each gel. There were no protein spots which were expressed as only specific for either control or E2 treated ovary. There were six protein spots (marked with the number) differentially expressed between control and E2 treated ovary in which three (spots 1-3) were down-regulated and three (spots 4-6) were upregulated in E2 treated compared to control. The close-up images of differentially expressed proteins are presented in Figure 4B . The differentially expressed protein spots were subjected to in-gel digestion and MALDI-TOF/TOF analysis, and mass spectral data were submitted to a database search against the NCBInr database for protein identification using the Mascot search programme (http:// www.matrixscience.com). The identity of down-regulated and up-regulated proteins is presented in Table 2 . The RT-PCR validation of two differentially expressed proteins such as carbonyl reductase 1 (CBR1) and mitogen-activated protein kinase 12 (MK12) is presented in Figure 5 . RNA isolated from ovary of control and neonatally estradiol-17β treated female rats was reverse transcribed to cDNA and subjected to RT-PCR analysis with GAPDH as an internal control. Data from five animals per group was expressed as arbitrary densitometric units (mean±SEM, *p < 0.05 compared with control). A total of 40 μg of protein each from control and estradiol-17β treated ovary was separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and subjected to western blotting as mentioned in materials and methods section. Data from five animals per group was expressed as arbitrary densitometric units (mean±SEM).
Discussion
We previously demonstrated that estradiol-17β exposure during early postnatal life disrupts the expression of synaptogenesis related genes in preoptic area [7] . In the present study, using the same animal model, the increase in expression of ER-α, ER-β, COX-2 and down-regulation of TNF-α, alterations in ovarian morphology in the ovary of neonatally estradiol-17β treated female rats was observed. In our previous study the decreased expression of ER-α and ER-β was observed in pre-optic area of neonatally estradiol-17β treated animals [7] . It is known that both ER-α and ER-β are critically important for sexual differentiation of the brain [13] and ER-β which is important in inducing a luteinizing hormone (LH) surge by oestrogen, typical of female estrous cycle, was decreased significantly in the hypothalamus, which is the main tissue in initiating cyclicity [7] . Our unpublished data show that serum estradiol level was not significantly different between control (28.31±1.30 pg/mL) and estradiol treated groups (24±4.30 pg/mL) and are comparable to values reported in the literature (25-35 pg/mL) for the adult animals [14] . The reason for this discrepancy between increased expression of receptor and no significant change in serum estradiol levels may be due to epigenetic or other post transcriptional mechanisms. Studies have shown that epigenetic regulation of genes is involved in the control of sexual differentiation of the female brain [15] . During postnatal development, the neonatal estradiol treatment may have lasting effect on oestrogen receptors expression mediated by DNA methylation of its promoter through long-term transcriptional control by altering protein-DNA interactions. It is also possible that when the level of ligand is drastically reduced the system responds to sequester whatever the ligand is available by increasing the expression of the corresponding receptor [16] . The control of reproductive cyclicity and ovulation is based on interaction of oestrogen with hypothalamus and pituitary via feedback mechanisms by influencing the cyclic secretion of LH and FSH [17] . Some studies have reported that neonatal estradiol or androgen induced sterility with increased prolactin secretion [18, 19] . We wish to point out that the level of estradiol (100 μg) administered in this study is not so high as to completely abolish FSH and LH producing cells and replaced by prolactin (PRL) producing cells. The level of estradiol administered is high but the duration of start of treatment and sacrifice of animals is 120 days and considering the long interval it is unlikely that high concentration of serum estradiol remains high. There is an alteration in responsiveness of hypothalamus and pituitary and it is unlikely the effects seen are due to high levels of PRL. Also it is essential to note that the alpha foeto-protein concentration is high in new born animals [20] will sequester E2 and only small percentage of injected estradiol enters in to the brain. And this is the reason why such high concentration of estradiol had to be injected. It is very important to note that studies which showed the effects of estrogenization and androgenization on both the dopaminergic and serotoninergic control of prolactin secretion are qualitatively different. The effect of drugs (dopaminergic and serotoninergic blockers) that alters dopaminergic versus serotoninergic effects on prolactin secretion varies depending on whether the sterility was induced by testosterone or estradiol [20] . Also studies demonstrated that more than two to three times as many prolactin-expressing neurons from female hypothalamus Proteins were subjected to iso-electric focusing in the first dimension using 13 cm IPG strips (pH 4-7), followed by separation on 10% SDS-PAGE gels in the second dimension (molecular weight 200-10 kDa range). The 2-DE gel was stained with Coomassie Brilliant Blue. Magnified images of differentially expressed protein spots indicated by dark rectangles with arrow mark (B).
survive when compared to those derived from male hypothalamus, and this indicate that the changes are independent of gonadal steroids [21] . The current understanding neuronal basis of prolactin secretion in sexual differentiation require further investigations. A very interesting observation in the present study was a drastic decrease in the expression of TNF-α. It is documented that E2 modulates the expression of TNF-α in the ovary and TNF-α has a very important role in the regulation of ovarian follicle atresia as well as in corpus luteum function (i.e. granulosa-cell proliferation and steroidogenesis) [22] . TNF-α is suggested to act as a survival/ proliferating factor in the follicle of porcine ovaries. Also the expression of TNFR2 (TNF-α receptor) disappeared in ovarian follicles during follicular atresia [23] . Based on these findings it suggested that TNF-α acts as a survival factor for ovarian follicles. The increase in the expression of COX-2 gene in POA has been considered as a parameter to conclude that the animals have responded to estradiol-17β administration and also exhibit masculinization of spine density in the female brain [1, 8, 24] . Similar to the observation made in the brain, in the present study up-regulation of COX-2 expression was observed in the estradiol-17β treated ovary. It is known that COX-2 is a rate-limiting enzyme during prostaglandin (PGE2) synthesis and it is expressed in all female reproductive organs and COX-2 has been shown to play a key role in the regulation of ovulation [25] . COX-2 has been shown to be induced by factors such as tumour promoters, growth factors, cytokines, and mitogens in different cell types [26] . Over-expression of COX-2 has been associated with pathogenesis of many diseases such as multiple epithelial cancers and colon cancer and multiple sclerosis, neurodegenerative diseases, and heart infarction [25, 27] . In polycyctic ovarian syndrome (PCOS), the elevated expression of COX-2 in theca layer of ovarian follicles has been reported with increased in the diameter of this layer due to the ability of COX-2 to stimulate cell proliferation, angiogenesis [28] and consequence of this may induce anovulation. Overexpression of COX-2 has shown to stimulate the loss of basement membrane of ovarian surface epithelia which is important for ovulation [29] . Studies on female COX-2 or PGE2-null mice showed diminished ovulation, and exhibit irregular cumulus expansion and animals were infertile [30, 31] . In addition to its important role in ovulation, experimental evidences show that COX-2 contributes to proliferation, invasion and metastasis in several tumors [32, 33] and it was found to be over expressed in pre-neoplastic changes of the ovarian surface epithelium [25, 29] . Based on these findings it suggested that the increased COX-2 and reduced TNF-α expression are associated with altered ovarian morphology. Two-dimensional electrophoresis analysis of ovaries of control and neonatally estradiol treated rats revealed six differentially expressed proteins as shown in Table 2 . One of the down-regulated proteins such as aldo-keto reductase family 1 (AKR1) is an enzyme which has been shown to play an essential role in the metabolism of all steroid hormones. This enzyme catalyses the reduction of progesterone to the inactive form 20-alpha-hydroxyprogesterone and it is expressed in the ovary throughout the estrous cycle [34] . Another down-regulated protein called carbonyl reductase 1 (Cbr1) is a NADPH-dependent oxidoreductase specific for carbonyl compounds such as quinines and xenobiotics. 20 beta-hydroxysteroid dehydrogenase (HSD)/carbonyl reductase-like (Cbr1) converts 17a-hydroxyprogesterone (17-P) to 17a,20beta-dihydroxyprogesterone [35] . Gastrotopin (fatty acid binding protein family6-FABP6) plays a role in fatty acid uptake, transport, and metabolism. FABP6 mRNA and protein has been found to be expressed in luteal cells of the rat ovary and FABP6 has been shown to have variety of function including steroid hormone metabolism [36] . FABP6 has been shown as one of the downstream targets of LH surge induced transcription factor called RUNX2 (runt-related transcription factor 2) [36] . The biological function of LIX1-like protein has not been elucidated, the other two up-regulated proteins mitogen-activated protein kinase and 40s ribosomal protein S15a are shown to be involved in acceleration of ovarian tumourigenesis and metastasis via the MAP kinase signal pathway [37] . Further studies are warranted to determine the significance of the effect of neonatal estradiol exposure on the up and down regulated proteins in the ovary.
In conclusion, our results suggest that although the main targets for the neonatal administration of E2 are the different regions of brain such as pre-optic area, hypothalamus and pituitary, the changes observed for the first time in TNF-α and COX-2 levels suggest a possible role of these genes acting directly or indirectly on the adult ovary resulting in a remarkable change in morphology which subsequently leads to infertility. RNA isolated from ovary of control and neo-natally estradiol-17β treated female rats was reverse transcribed to cDNA and subjected to RT-PCR analysis with GAPDH as an internal control. Data from five animals per group was expressed as arbitrary densitometric units (mean±SEM, *p < 0.05 compared with control).
